ABSTRACT: Artificial molecular machines are expected to operate under conditions of very low Reynolds numbers with inertial forces orders of magnitude smaller than viscous forces. While these conditions are relatively well understood in bulk fluids, opportunities to assess the role of viscous forces in confined crystalline media are rare. Here we report one such example of diffusion-controlled rotation in crystals and its application as a probe for viscosity of MOF-confined solvent. We describe the preparation and characterization of three pillared paddlewheel MOFs, with 9,10-bis(4-pyridylethynyl)-triptycene 3 as a pillar and molecular rotator, and three axially substituted dicarboxylate linkers with different lengths and steric bulk. The noncatenated structure with a bulky dicarboxylate linker (UCLA-R3) features a cavity filled by 10 molecules of N,N-dimethylformamide (DMF). Solid-state 2 H NMR analysis performed between 293 and 343 K revealed a fast 3-fold rotation of the pillar triptycene group with the temperature dependence consistent with a site exchange process determined by rotator-solvent interactions. The dynamic viscosity of the MOF-confined solvent was estimated to be 13.3 N·s/m 2 (or Pa·s), which is 4 orders of magnitude greater than that of bulk DMF (8.2 × 10 −4 N· s/m 2 ), and comparable to that of honey.
T he design of usable artificial molecular machines will require the input of a broad range of physical and material scientists; however, it will be up to chemists to develop the structural platforms needed to realize their functions. 1−11 Early work on artificial molecular machinery was guided by the structural and dynamic analogies between macroscopic objects and small molecules in solution. 12 In recent years, alternative approaches have been inspired by the structural design and function of biomolecular machines 1, 3 such as ATP synthase, bacterial flagellum, and skeletal muscle. 13 Their mechanisms of function highlight the importance of biased Brownian motion under conditions where inertial forces are orders of magnitude smaller than viscous forces, 3 and suggest the advantage of using nanometer size units as building blocks for assemblies of higher complexities.
With the objective of exploring structures that display those characteristics, we suggested the design of artificial molecular machinery based on molecules capable of performing dynamic processes in the crystalline state, such that their molecular level operation can be determined by external control in the macroscopic world. 14 The number of "amphidynamic" crystals built with static and dynamic elements has increased over the past few years, 15−25 including several examples of porous structures where the dynamics of rotators in the host have been explored both in empty form and in the presence of added guest molecules. 18, 20, 21 In addition, motion in solids has been reliably engineered using molecules with conformationally flexible bulky groups acting as a stator, which are covalently linked to a central group that acts as the rotator, such as bicyclo[2.2.2]octane in 1 26 ( Figure 1A ). It has been shown that low packing densities and conformational degrees of freedom allow for volume fluctuations 16, 25 that play a role analogous to that of viscous forces in liquids and can be used in simple scaling strategies to support the dynamics of significantly larger rotators. For example, line shape analysis of solid-state 2 H NMR (SS 2 H NMR) spectra showed that the deuteriumlabeled triptycenes in 2-d 8 have 3-fold site exchanges with a frequency of 4.6 kHz at 300 K. 27 While these have been important steps forward to expand the dimensions of crystalline molecular rotors and to explore the role of random forces in the dynamics of condensed phase media, one can appreciate that a simple scaling strategy drastically reduces the density of rotators in the lattice and increases the distance between them, rendering it unfeasible to take advantage of dipole−dipole interactions or mechanical gearing in the design of molecular machines. A promising strategy for the construction of a dense array of larger molecular rotators with the absence of close contacts in the crystal lattice is given by the use of metal− organic frameworks (MOFs). 28−34 By taking advantage of different carboxylate and amine linkers, it is possible to finetune pillared paddlewheel MOF structures to provide an optimized spatial arrangement of molecular rotators and functional groups.
35−38 Herein, we report the preparation of three pillared paddlewheel MOFs, UCLA-R1, UCLA-R2, and UCLA-R3, and the remarkable rotational dynamics of triptycene groups in MOF UCLA-R3. As shown in Figure  1B , ligand 3 with a triptycene rotator covalently linked by triple bonds to two pyridine moieties makes up a pillar, which connects the 2D layers formed by dinuclear zinc nodes and dicarboxylate linkers. Three different dicaboxylates (terephthalate, biphenyl-4,4′-dicarboxylate, and triptycene-9,10-dicaboxylate) were used to adjust the distance between the neighboring triptycene rotators as well as the degree of catenation, defined as the interpenetration of two or more identical and independent frameworks. 35 With the pillar triptycenes of the frameworks selectively labeled, we performed SS 2 H NMR experiments and found that rotation of triptycenes is only possible in the catenation-free UCLA-R3, which displays 3-fold jumps with frequencies in the MHz (10 6 s −1
) regime near ambient temperatures. Notably, the temperature dependence of the rotational frequencies revealed a dynamic behavior that results from interactions between the rotator and solvent molecules confined in the crystal. With no steric or intrinsic barriers in the structure, the rotation of the triptycene group in UCLA-R3 constitutes a diffusion-controlled process.
■ RESULTS AND DISCUSSION
Samples of ligand 9,10-bis(4-pyridylethynyl)triptycene 3 and its isotopologue 3-d 8 were prepared by Sonagashira reactions between 4-bromopyridine and 9,10-diethynyltriptycene and 9,10-diethynyltriptycene-d 8 , respectively. 27 MOFs UCLA-R1− R3 were prepared by solvothermal synthesis from a mixture of zinc nitrate hexahydrate, the carboxylic acids, and pillaring ligand 3 in DMF. Single crystals were picked up from the vials in the presence of DMF and used for X-ray diffraction immediately as irreversible phase transitions and structure collapse were shown to occur when the samples were exposed to air and the solvent escaped. As a result, all characterizations were performed on solvent-saturated samples.
The single crystal structures of MOFs UCLA-R1−R3 obtained at 100 K are illustrated in Figure 2 . The paddlewheel architectures with dinuclear zinc nodes connected to dicaboxylates and ligand 3 were obtained as expected for all three frameworks. Samples of UCLA-R1 crystallized in the space group P1̅ with an asymmetric unit consisting of two zinc units, four terephthalates, and two molecules of 3. The 2-fold catenated structure observed for UCLA-R1 with the pillar distorted to accommodate the catenation is shown in Figure  2A , and the constituting lattices are shown in gray and blue in Figure 2B . A structural feature resulting from the interpenetration was a close π−π stacking between the triptycene rotators in one pillar and the pyridine groups of the adjacent networks, as shown in the space-filling model. This close contact, together with the relatively short distance between triptycenes within the same network (ca. 8.1 Å, between bridge head carbons), makes it difficult for triptycenes to rotate. A higher degree of catenation was observed in the crystal structure of UCLA-R2, which was solved in the space group P2 1 /c. Since the voids in the 2D grids formed by zinc nodes and biphenyl-4,4′-dicarboxylates are larger than those in UCLA-R1, a 4-fold interdigitated structure was observed. Two pyridines from the neighboring networks are consequently placed in between the blades of each triptycene in the pillar, leaving little room for any motion of those groups. The crystal structure of UCLA-R3 was solved in the monoclinic space group C2/c. In this case, the presence of sterically demanding triptycene-9,10-dicarboxylate linkers led to the formation of densely packed layer structures and prevented catenation. While the triptycene groups in the layer structure are expected to be static as all of their blades are meshed with each other, the ones in the pillar structures have contacts only with the DMF molecules and might be able to undergo fast dynamics. A close inspection of neighboring triptycene groups ( Figure 3 ) reveals a distance of 10.3 Å between their rotational axes, which is almost twice the radius of their volume of revolution. 27, 39 The closest distance of approach between hydrogen atoms in adjacent rotators occurs away from their crystallographic positions, at which they are 2.9 Å away from each other, suggesting the lack of significant rotator−rotator interactions. In fact, as shown in Figure 3B , only solvent molecules could be observed in the proximity of the triptycene rotator in the crystal structure.
The rotational dynamics of triptycene rotators in the pillars were analyzed by solid-state 2 H NMR spin echo experiments (SS 2 H NMR) using solvent-containing polycrystalline (powder) samples of UCLA-R1-d 8 , UCLA-R2-d 8 , and UCLA-R3-d 8 with partially deuterated triptycene rotators. Qualitatively, this method takes advantage of changes in the line shape of the spectrum resulting from the dynamic modulation of the C−D bond vectors with respect to the direction of the external magnetic field. 40 The line shape is sensitive to motions of frequencies ranging from a few kilohertz to tens of megahertz (ca. 10 3 −10 7 Hz). Samples with groups bearing static C−D bonds are characterized by a very broad, symmetric spectrum with two shoulders and two peaks, known as a Pake, or powder pattern, which extends for ca. 260 kHz. Similarly, C−D bond vectors aligned with the rotational axis (cone angle 0°) do not change their orientation with the external field as a function of rotation and give rise to the same Pake pattern, as shown by the purple spectra assigned to the α-deuterons in Figure 4B . By contrast, the C−D vector of the β-deuterons (shown in red in Figure 4A ) makes a 60°degree angle with the rotational axis and changes its orientation with respect to the external magnetic field. With this difference in mind, we were able to simulate the experimental spectra by assuming that the triptycene rotator undergoes a degenerate 3-fold rotation about the alkyne axis, and that the overall spectrum is a weighted sum of two profiles. 41 As shown by spectral simulations in Figure 4B , when the simulated frequency of rotation is low (10 kHz), the β-deuteron spectrum is almost identical to the static pattern; however, its relative intensity is lower than that of α-deuterons because of a reduction factor of 0.17, reflecting a frequency dependent echo-damping effect in two-pulse solid-state echo experiments. 42 As the rotation gets faster (500 kHz), the spectrum of the β-deuterons features a set of peaks at the center of the spectrum. Because of an even smaller reduction factor (0.05), the central peaks only account for a small fraction of the overall simulated spectrum. Lastly, when the simulated rate of rotation reaches 10 MHz, the 
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Research Article central peaks coalesce into two peaks separated by about 13 kHz. With a relatively large reduction factor of 0.68 and narrow spectrum width, the central peaks become the dominant feature of the overall spectrum. Both samples of UCLA-R1-d 8 and UCLA-R2-d 8 showed spectra with line shape of static rotators at 303 K, and the spectra remained the same when the samples were heated to 373 K, which was close to the upper limit of temperature we could apply before significant solvent evaporation and decomposition (see Supporting Information). These results indicated that the triptycene groups of UCLA-R1-d 8 and UCLA-R2-d 8 are static, as suggested by their crystal structures. The solvated sample of UCLA-R3-d 8 , to our delight, displayed a spectrum with some features at the center at 293 K ( Figure  4C ). As the sample was gradually heated to 343 K, the intensity of the central peaks increased while the intensity of the side peaks decreased. The observed spectra could be reproduced with the simple 3-fold site exchange model previously discussed. The rate of exchange obtained from the best simulation of the experimental data at 293, 303, 313, 323, 333, and 343 K was 1.0, 1.4, 1.9, 4.5, 11, and 30 MHz, with the latter being an estimate, as indicated by the large error bar in . Considering the large deviation from linearity and the fact that the expected pre-exponential factor for a triptycene rotator should be ca. 4 orders of magnitude smaller (ca. 5 × 10 11 s −1 ), 43 one would come to the conclusion that the temperature dependence of the rotational frequency does not reflect a static energy potential from permanent structural features in the crystal. 16, 44 Knowing that gas phase rotation of the triptycene rotator about the two triple bond axle should be essentially free, 45 hindrance must arise from interactions between triptycene and the solvent molecules in the crystal. Interestingly, spin−lattice relaxation studies carried out at ambient temperature in liquid CHCl 3 have shown that the correlation time for the rotation of triptycene about its 3-fold axis (50 ps) is about three times longer than the one for rotation about the perpendicular 2-fold axes (16 ps), while the difference between their moments of inertia is relatively small. 46−48 This suggests that solvent molecules fill the space between the three blades and slow down the rotation along the 3-fold axis, which is also suggested by the solid-state structural features shown in Figure 3B . Assuming that hydrodynamic theory can describe the behavior of a pinned molecular rotor in a strictly confined liquid, using a calculated molecular volume for triptycene of V mol = 2. 
49
A diffusion-controlled mechanism implies that the large activation energy and pre-exponential factor in the case of UCLA-R3 reflect changes in the viscosity of the local environment as a function of temperature where the effect of solvent confinement is manifested in terms of an apparent activation energy that changes from 1.79 kcal/mol in the bulk liquid 49 to 13.5 kcal/mol in the MOF cavity. 50 The fact that the observed triptycene rotation depends solely on the confined solvents also provides an opportunity to investigate the hydrodynamic properties of such systems with high effective viscosity, to which fluorescence anisotropy decay measurements cannot be applied. 43 ,51,52
■ CONCLUSION
We have shown that a simple modular approach leads to the successful preparation of a homologous set of pillared paddlewheel MOFs with a relatively large 9,10-bis-(pyridylethynyl)triptycene acting as a pillar and molecular rotator, complemented by dicarboxylate linkers of varying lengths and steric bulk. Single crystals obtained from DMF by changing the linker from terephthalate (UCLA-R1) to biphenyl-4,4′-dicarboxylate (UCLA-R2) and triptycene-9,10-dicarboxylate (UCLA-R3) display 2-fold, 4-fold, and no catenation, respectively, reflecting the amount of space available in their corresponding 2D frames. While the two catenated structures display a tight packing environment with interlattice contacts, the noncatenated crystals of UCLA-R3 have no contacts between pillars and linkers in lattice. Rotation by a Brownian 3-fold jumping mechanism was determined by line shape analysis of SS 2 H NMR spectra obtained with tritptycene-d 8 labeled samples. Having a barrierless alkyne linkage and no steric interactions, it was suggested that the rotation of the triptycene group in UCLA-R3 is determined by the confined DMF molecules in the lattice. Assuming a hydrodynamic model, we estimate the viscosity of MOFconfined DMF to be about 4 orders of magnitude greater than that of the bulk liquid. The abnormal temperature dependence of the rotational motion with very high apparent activation energy and pre-exponential factor is interpreted in terms of viscosity changes, which suggests an opportunity to analyze the dynamics of fluids under tight confinement at variable temperatures. The results reported here prove the robust nature of molecular and crystal design and reveal new strategies to engineer the dynamics of crystalline rotators. 
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